A gemini-type basic morpholine ionic liquid ([Nbmd][OH]) was synthesized via a two-step method with morpholine, bromododecane and 1,4-dibromobutane as raw materials, and its structure was 
Introduction
Polymer electrolyte membrane fuel cells are generally regarded as effective energy alternatives due to their providing more power for less fuel than current thermal engines.
1,2 Among them, the direct methanol fuel cell (DMFC) holds favor as a highly promising candidate for application as a portable power source on account of its ease of storage and use of methanol as a liquid fuel. As one of the most important components of fuel cells, proton exchange membranes (PEMs), such as Naon® series membranes, have been well developed during recent decades. Although Naon membranes exhibit high OH À conductivity and excellent thermal and chemical stability, the commercialization of proton exchange membrane fuel cells (PEMFCs) is hindered by the use of high-cost precious metal electro-catalysts, slow oxygen reduction kinetics in acidic conditions 3, 4 and decreased proton conductivity at temperatures above 70 C, which results in the evaporation of water from the membranes and thus limits proton mobility.
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Recently, anion exchange membrane fuel cells (AEMFCs) have exhibited many competitive advantages, such as improved electrode reaction kinetics, allowing the use of non-precious metal electro-catalysts (such as Fe, Co, and Ni), reduced corrosion problems, etc., which make these fuel cells more cost effective. At present, the studies on anion exchange membranes (AEMs) are mainly focused on chemical graing by quaternary ammonium groups and polymer matrix modied by cationic active sites and other methods of chemical modication. [6] [7] [8] However, the primary limitations of the use of anion exchange membranes (AEMs) in AEMFCs are still the low OH À conductivity and poor chemical stability at high pH 9,10 due to the degradation of cationic groups caused by direct nucleophilic substitution and/or Hofmann elimination.
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In recent years, ionic liquids (ILs), which possess unique properties including high thermal stability, high OH À conductivity and wide electrochemical windows, have been used in a large variety of applications in many kinds of chemical industries, and some achievements have been made in the application of polymer electrolyte membranes. 16 added the imidazole ionic liquids to sulfonated polyetheretherketone (PEEK) and found that the thermal stability of the composite membrane containing ionic liquids was higher than that of the neat PEEK membrane, the conductivity of the composite membrane increased with the increasing content of ILs and the maximum conductivity reached 8.3 Â 10 À2 S cm À2 at 70 C. Although some progress in the eld of fuel cell exchange membranes had been made, most studies are still dominated by single-core ionic liquids. Geminitype ionic liquids, due to their dual-core structure, have somewhat stronger and more intensive basic positions (cationic active sites) than single-core ionic liquids. Thus, they exhibit higher stability and stronger alkalinity. [17] [18] [19] However, unfortunately, few studies have been reported.
In this work, low-cost morpholine was used as a raw material to synthesize gemini basic morpholine ionic liquids ([Nbmd] [OH]) via a two-step procedure based on our previous work, 20 and a chitosan derivative, quaternized chitosan (QCS), was used as the membrane matrix. The synthesized ionic liquids ([Nbmd] [OH]) were locked in the structure of the membrane as dopants by the crosslinking action of glutaraldehyde (GA). Then, we prepared the composite membranes and assessed their characteristics to investigate the application potential in anion exchange membranes.
Experimental

Materials
Analytical grade N-methyl morpholine, 1-bromododecane, 1,4-dibromobutane and chitosan (deacetylation degree $ 90.0%, determined by titration 21 ) were obtained from Sinopharm Chemical Reagent Co., Ltd, China. Analytical grade anhydrous ethanol, sodium hydroxide (NaOH), potassium hydroxide (KOH), glutaraldehyde (GA, 50 wt%), glacial acetic acid, isopropanol, and hydrochloric acid were purchased from Shenyang Xinhua Reagent Factory, China. (2.3-Epoxypropyl) trimethylammonium chloride (EPTMAC, purity $ 95%) was commercially supplied by Shandong GuoFeng Fine Chemistry Factory.
Methods
Synthesis of dual-core basic ionic liquids (ILs).
The gemini basic ILs were prepared in two steps. (1) Given amounts of 1-bromododecane and NaOH were added to a dry round-bottomed ask equipped with a condenser and heated to 40 C. In addition, then, 70 C preheated N-methyl morpholine aqueous solution was added dropwise into the ask, and stirring was continued for 7 h at 130 C. Aer this reaction time, the mixture was allowed to rest at room temperature, and then, the upper layer was separated with a separatory funnel as the intermediate product dodecyl morpholine (molar ratio: n 1-bromododecane : n N-methyl morpholine : n NaOH -: n water ¼ 1 : 1.2 : 1.5 : 5). (2) A given amount of dodecyl morpholine obtained from step (1) was placed in a dry round-bottomed ask, and then 1,4-dibromobutane was added under magnetic stirring for 7 h at 110 C. The resulting yellow sticky liquid was dried at 50 C under high vacuum for 24 h. Aer drying, an amount of the remaining powder (bromododecyl morpholine) and KOH were placed in an Erlenmeyer ask at a molar ratio of 1 : 2 (n bromododecyl morpholine : n KOH ), and then 30 mL of anhydrous ethanol was added until the powder was completely dissolved, and the mixture was stirred for 48 h at room temperature to allow adequate ion exchange to proceed. 
where F is the applied force at break, A 0 is the initial crosssection area of the sample, which is equal to 4 Â L mm 2 , and L is the thickness of the membrane.
Water uptake (WU) and swelling ratio (SR) of the membranes
The water uptake and swelling ratio of the composite membranes were determined by measuring the changes in the weight and dimension of the composite membranes before and aer hydration. The OH À form composite membranes were immersed in de-ionized water at room temperature and equilibrated for more than 48 h. The weight of the wet membrane was measured aer wiping off the excess surface water. Then, the wet membrane was dried under vacuum at a xed temperature of 60 C until a constant dry weight was obtained. The WU and SR were calculated by the following equations:
where m wet is the mass (g) of the wet membrane; m dry is the mass (g) of the dry membrane; X wet is the dimension of the wet membrane; and X dry is the dimension of the dry membrane.
Ion exchange capacity (IEC)
The IEC value is one of the important indices of the membrane conductivity performance. In this work, the IEC was measured using the conventional back titration method. A membrane sample (in OH À form) with known dry mass was rst equilibrated with DI water for at least 24 h and rinsed copiously to remove any physisorbed ions; it was then soaked in a known volume of 0.01 M hydrochloric acid (HCl) for 48 h to change the membrane to the Cl À form. The HCl solution was titrated against 0.01 M NaOH (aq.) with phenolphthalein as an indicator. The IEC was calculated as follows:
where W dry is the mass of the dried membrane, C HCl and C NaOH are the concentrations of HCl and NaOH solution, respectively, and V HCl and V NaOH are the volumes of HCl solution and NaOH solution consumed in the titration, respectively.
Anionic (OH
The OH À conductivity of the membranes was measured by an electrochemical impedance analyzer (CHI760) with an alternating current (AC) frequency scanned from 100 kHz to 0.1 Hz at a voltage amplitude of 100 mV. The fully hydrated membrane was sandwiched in a Teon electrolyte cell equipped with Pt strips. 27 The impedance was measured by placing the cell in a temperature-controlled chamber at a temperature range from 20 C to 90 C. The OH À conductivity (s) of the membrane was calculated by eqn (5):
where l is the thickness of the membrane (cm), S is the membrane surface area (cm À2 ) for ion transport, and R m is the membrane resistance (U) from the AC impedance data. The temperature was controlled by placing the conductivity measurement cell in an oven. The thicknesses of the membranes were obtained by previous swelling of the samples in the electrolyte solution before the measurements to prevent any deviation resulting from distortion of the membranes. All operations were performed in N 2 atmosphere to prevent OH À from changing to HCO 3 À (or CO 3
2À
) by reacting with CO 2 .
Methanol permeability
The methanol permeability of the composite membranes was determined at room temperature using a homemade diffusion cell consisting of two compartments. To ensure uniformity during the experiments, magnetic stirrers were used in each compartment. The membrane was clamped between the two compartments. One compartment was loaded with 1 M methanol aqueous solution (compartment A) and the other with deionized water (compartment B). The methanol concentration resulting from permeation in compartment (B) at any time t (in seconds), i.e., C B in mmol L À1 , was monitored using a gas chromatograph (GC-6820, Agilent, USA). The methanol permeability P (cm À2 s À1 ) through the membrane was calculated by eqn (6):
where A (cm 2 ) and L (cm) are the membrane area and thickness,
is the initial concentration of methanol in compartment (A); and V B (mL) is the water volume in compartment (B).
Alkaline resistance stability
The alkaline resistance stability was investigated by monitoring the conductivity of the membranes as a function of immersion time in KOH solutions. The detailed procedure was that the membranes were immersed in aqueous KOH (3 M) solutions at room temperature for different times. They were later thoroughly washed with de-ionized water (to remove the excess KOH) and immersed in de-ionized water for more than 24 h prior to the measurement of ionic conductivity at 70 C. To distinguish the OH À conductivity of the membrane treated in KOH solution for 0 h and the composite membrane treated for different times (immersion time > 0 h), the former was designated s 0 , and the latter was designated s t . The s t /s 0 ratios were recorded as a function of immersion time in the KOH solution.
Membrane electrode assemblies and fuel cell tests
Commercial Pt-Ru/C (30 wt% Pt, 15 wt% Ru) for the anode and Pt/C (20 wt% Pt) for the cathode were purchased from Johnson Matthey. The loading of Pt-Ru and Pt catalysts at the anode and cathode were both 0.5 mg cm À2 . The obtained membrane/ electrodes assembly (MEA) was then set into a 5 cm 2 fuel cell for testing using a commercial fuel cell system (Arbin Instrument Corporation). . 20 The stretching vibration of C-N-C can be observed at 1061 cm À1 , and the band at 1115 cm À1 originates from the C-O-C skeleton stretching vibration of the morpholine ring. 31 As mentioned above, the test sample has both alkyl chains and morpholine rings, which is consistent with the predicted chemical structure of the synthesized [Nbmd] [OH] . The cooperative analysis of FT- assigned to the C-H vibration and bending of the trimethylammonium group for QCS-X membranes also indicate the In addition, a larger number of hydrophilic quaternary ammonium groups in membrane means that more moisture is drawn into membrane, which will also lead to better exibility of the membrane. We listed some membranes' mechanical properties reported in recent 5 years. As shown in Table 3 , the prepared membranes in our work though show somewhat less tensile strength but with excellent elongation at break and they still have the potential to be used in fuel cells. At 80 C, the tensile strength of the prepared membranes decreased slightly, which may be due to fact that the increasing temperature makes polymer chain activity more intensely, more likely to produce the intermolecular slippage or intermolecular pull phenomenon.
TGA curves of [Nbmd][OH] x -QCS membranes
Fuel cell performance generally improves at elevated temperature, and the range of 40-120 C is of interest. Therefore, the thermal stability of the AEM is a key metric in forming ionic conducting ionomers for use in a fuel cell. Thermogravimetric analysis was carried out on the AEMs synthesized in this work to investigate their thermal stability. 
Dynamic swelling behavior of QCS and [Nbmd][OH] x -QCS membranes
The membrane swelling undergoes three stages, they are the diffusion of water molecules into the membrane structure and the relaxation of the polymer structure caused by the hydration and extension of macromolecule chains. [43] [44] [45] All the membranes prepared in this research performed very fast water absorption, and they all reached swelling equilibrium within 10 min which can be seen in Fig. 7 . This rapidity is due to the large amount of hydrophilic quaternary ammonium groups in the membrane structure. With increasing [Nbmd] [OH] content, the swelling ratio of the composite membranes increases. This increase may be caused by the following two reasons: the number of quaternary ammonium groups is twice the number of [Nbmd] [OH] molecules because each [Nbmd] [OH] has two quaternary ammonium groups, which greatly increases the number of hydrophilic quaternary ammonium groups; and more [Nbmd] [OH] means less QCS, resulting in a decreased number of amino groups as crosslinking sites. The decrease in the degree of crosslinking makes the structure of the composite membrane loose, which increases the space for holding water molecules.
To better understand the swelling mechanism of the composite membranes in the process of water absorption, the swelling process of the composite membranes was tted by the Schott second-order swelling kinetic equation as follows:
where W t is the swelling ratio of the membrane aer immersion time t; W N is the swelling ratio of the membrane aer reaching swelling equilibrium; and K S is the swelling rate constant, which is calculated from the slope (1/W N ) and intercept (1/ The data obtained from the swelling process (see Fig. 10 ) were substituted into eqn (7) . The reciprocal of the swelling rate (t/W t ) had a good linear relationship with the time (t) of the swelling process. The swelling kinetic parameters are listed in Table 4 . As seen in Table 4 , the experimental equilibrium swelling ratio and the theoretical equilibrium swelling ratio are close to each other, and the determination coefficients (R 2 ) are all larger than 0.995, indicating that the swelling processes of the QCS and the series of composite membranes follow the Schott second-order swelling kinetics model. [OH] could also hinder the crosslinking effect, making the membrane structure relatively loose. These factors lead to the result that water molecules are more likely to diffuse into the relatively loose membrane structure, thus increasing the swelling rate constant. However, when the [Nbmd] [OH] content continues to increase to 40%, the swelling rate constant is reduced, which may be related to the fact that a larger number of hydrophobic alkane tail chains causes excessive extrusion into the hydrophilic region, blocking the diffusion of water molecules and thus reducing the swelling rate constant. From another point of view, at a certain temperature, the composite membrane with higher [Nbmd] [OH] content would have a stronger ability to hold moisture, which is benecial for improving water retention at high 40 -QCS membrane have the largest swelling rate constant and initial swelling rate, indicating that these two membranes are the most suitable for moisture absorption. It can also be seen in Fig. 7 and 8 that even though the QCS membrane has the largest swelling ratio and swelling rate constant, its excessive swelling ratio leads to poor mechanical properties that make it impractical for application in fuel cells.
Ionic conductivities of [Nbmd][OH] x -QCS membranes
The OH À conductivity of the membrane is of particular importance and plays a signicant role in fuel cell performance. The OH temperature. This correlation occurs because with increasing temperature, the structure of the membranes becomes relatively loose, resulting in widened run-through anion transport channels for OH À migration. 47, 48 Hence, the transport of OH À anions in membranes is easier at high temperature. Table 5 lists several IEC values and OH À conductivities of anion exchange membranes reported in the literature, which are based on quaternary ammonium groups and imidazolium groups as cationic active sites. As seen in Table 5 , the [Nbmd]
[OH] 40 -QCS membrane prepared in this work shows better a Experimental equilibrium swelling ratio (g water/g membrane).
b Theoretical equilibrium swelling ratio (g water/g membrane).
c (g water/g membrane)/min. 40 -QCS membrane to have a higher conductivity than the membranes in the literature. Fig. 10 shows the relation between ln s and 1000/T À1 . Assuming that the OH À conductivity follows the Arrhenius behavior, the ion transport activation energy E a of the composite membranes can be obtained according to the Arrhenius equation:
where b is the slope of the regression line of ln s (S cm À1 ) vs.
1000/T À1 (K À1 ) plots, and R is the gas constant (8.314472 J K À1 mol À1 ). The results are presented in Fig. 12 .
As seen in Fig. 10 
Methanol permeability
In general, increases in the swelling ratio lead to greater methanol permeability because the relative relaxation of the membrane structure is conducive to the permeation of methanol molecules. However, in this work, as revealed in [OH] content clearly implied a promising application potential of the composite membranes for DMFC. However, both the selectivity and the methanol permeability of all the composite membranes are lower than those of Naon®115. Therefore, further improvements of the AEMs are needed.
Alkaline stability of QCS/[Nbmd]OH membranes
The alkaline stability of AEMs is the key factor affecting the lifetime of fuel cells. It is highly desirable to develop an anion exchange membrane with both high OH À conductivity and excellent alkaline stability. As Fig. 11 shows, with the extension of immersion time, the conductivities of all samples exhibit decreasing tendencies of different degrees. The conductivity of the QCS membrane decreased by 50% aer 24 h of immersion, showing poor alkaline stability due to the degradation of quaternary ammonium groups by OH À attack (Hofmann elimination) 58 and direct nucleophilic substitution. 40 -QCS membrane exhibits the best alkaline stability, which is approximately 81% of the initial conductivity aer immersion in 3 M KOH solution for 120 h at 70
C. This high stability is because the decrease in QCS content leads to a lower number of quaternary ammonium groups graed onto the QCS backbone and exposed directly to alkaline environment. However, the ionic liquid ([Nbmd] [OH]) prepared in this experiment contains a morpholine ring, a group with high steric hindrance, which could protect the quaternary ammonium groups against OH À attack 61,62 and thereby promote an acceptable alkaline stability. the elevating operating temperature is mainly due to the following two reasons. Firstly, higher temperature accelerates the electrochemical reaction rate, depresses negative effect of pH difference between anode and cathode in anion exchange membrane fuel cell. Secondly, a raised temperature also increase the OH À conductivity of the membrane, which can be seen from the measured OH À conductivity results of the [Nbmd]
Single-cell performance
[OH] 40 -QCS membrane in Fig. 9 . However, the performance is still low at this stage, the performance of the fuel cell could be improved by further optimizing the electrode structure and lowering the resistance of the membranes. The poor chemical compatibility between the ionomer used (Naon® ionomer) in the electrodes and the quaternary ammonium-type composite membrane is likely to be the cause of the poor performance observed. Chemical incompatibilities such as this can cause high contact resistances and poor MEA lamination. Another possible reason is the low Pt loading level of the anode and cathode (0.5 mg cm À2 ). 
Conclusions
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